There is evidence that hypersensitivity of vascular muscle to neurotransmitters contributes to the development of hypertension. Comparison of the caudal arteries of spontaneously hypertensive rats (SHR) and their genetically related Kyoto-Wistar normotensive control rats (KNR) showed that although there is no difference in membrane potential under unstimulated conditions, greater depolarization of the SHR vascular muscle cells by norepinephrine occurs at concentrations which cause greater contraction. The mechanism for the increased depolarization and resulting increase in contraction appears to be a lower intracellular potassium ion activity in SHR vascular muscle cells, which results in a lower contribution of potassium gradient to membrane potential. Experiments to determine the sensitivity of isolated, dispersed chick omphalomesenteric vascular muscle cells to neurotransmitters showed remark, ably low thresholds to the neurotransmitters norepinephrine, serotonin, and acetylcholine, but not potassium chloride. The high sensitivity of isolated cells to neurotransmitters suggests that factors in the intact vessel may cause thresholds to be high, possibly implying that alterations in a neurotrophic mechanism might be responsible for changes in vascular muscle sensitivity in situ.
THE WORK of several investigators has shown that a major characteristic of primary hypertension is the increase in hemodynamic resistance found in many vascular beds. 1 ' 3 The two factors which have been most directly implicated are the thickening of the artery wall in hypertension 4 and a true hypersensitivity of vessels from hypertensive animals to vasoconstrictor agents. It is the second of these factors that is to be explored in this manuscript. One series of experiments addresses the question of whether alterations in the electrogenesis of membrane potential contribute to the norepinephrine hypersensitivity of arterial muscle in hypertension. The other experiments determine whether there is a difference in neurotransmitter sensitivity of isolated vascular muscle cells in comparison with intact blood vessels.
A productive approach to the study of primary hypertension would appear to be the use of genetically hypertensive rats and their closely related normotensive controls. The problem which has developed as spontaneously hypertensive rats (SHR) have been studied intensively is that isolated arteries from hypertensive rats do not show the hypersensitivity to neurotransmitters 5 ' 7 that isolated perfused vascular beds show. 8 -9 This paradox may be explicable on the basis of differences in sensitivities of individual vessels. A solution to the problem of an appropriate vessel for study is the caudal artery, a small (500-^m outside diameter) artery with a 100-/im-thick wall composed almost entirely of muscle cells, which showed the hypersensitivity to norepinephrine which is characteristic of hypertension. 10 The increased sensitivity to norepinephrine in these isolated vessel experiments cannot be explained by neuroeffector mechanisms because the nerve endings had been destroyed by 6-hydroxydopamine treatment, or by increased thickness of the media because the data were expressed on the basis of force per cross-sectional area. These results imply that altered function of vascular muscle cells plays a role in the hyperreactivity associated with primary hypertension. In particular, an alteration in membrane function could contribute to the hypersensitivity if there were a basic deficiency in ion regulation by the cell membrane. Ion flux measurements by Jones 11 had indicated such a primary alteration in ion regulation and there is a clear difference between the sensitivity of hypertensive and normotensive animal vascular muscle cells to agents thought to act on membrane calcium. 7 -xi Electrophysiological investigation has revealed that the depolarization of the caudal artery of SHR by norepinephrine is greater than that produced in KNR and there is an altered basis for the steady state membrane potential. 10 An explanation and discussion of the alterations of the mechanisms underlying membrane potential is the first subject of this paper.
Another mechanism by which hypersensitivity could be produced is through cell-to-cell modulation of intrinsic neurotransmitter reactivity. Cell culture has been used to determine the regulation of the sensitivity of skeletal muscle cells to acetylcholine, 13 and a method for the primary culture of vascular muscle has been developed. 13 " Such cell cultures are presently being used for studies of isolated cell sensitivity from embryonic chick vessels, with an extension of cultured vascular muscle from hypertensive and normotensive rats planned. The second approach through which this report will address the cellular mechanisms question is by an investigation of the sensitivity of single vascular muscle cells to neurotransmitters.
Methods
Electrophysiological experiments were carried out on caudal arteries from sex and age-matched pairs of the Okamoto-Aoki strain of Kyoto-Wistar hypertensive rats (SHR) and their Kyoto-Wistar normotensive control rats (KNR) from colonies maintained at the University of Iowa. These strains of rats represent high and low blood pressure populations selected from the same parental pairing and 
FIGURE 1 Altered membrane potential electrogenesis in arterial vascular muscle in hypertension. Transmembrane voltage of vascular muscle cells from normotensive (KNR) and hypertensive (SHR) rats were found to be insignificantly different by recording with intracellular microelectrodes. Mean systolic pressure (tail cuff occlusion method) was 128 torr in the normotensive and 152 torr in the hypertensive rat. The plotted values represent the magnitude of membrane potential only and the minus signs indicating intracellular negativity have been omitted. The standard errors of the means are indicated on the top of each bar. The number of impalements were 197 in 25 arteries in each group. However, components of membrane potential of arterial vascular muscle cells contributed by ionic gradients and electrogenic ion transport mechanisms differed in normotensive and hypertensive rats. The smaller ionic gradient in the hypertensive rat is compensated at normal potassium concentrations and in the unslimulated state by a larger contribution of the electrogenic ion transport component. During depolarization with norepinephrine, the electrogenic ion component is effectively shortcircuited by the increased movement of ions through the membrane by passive mechanisms. The region in which contractile activation takes place is indicated by the dotted lines on this diagram.
were used at ages from 6 to 10 weeks. Membrane potentials of vascular muscle cells were recorded with KCI-filled glass micropipette electrodes from caudal artery segments pinned in muscle chambers and suffused with ionic solution of the following composition (in m.M): 145.3 Na + , 4.7 K + , 1.8 Ca 2 -, 0.8 Mg 2+ , 142.9 Ce~, 11.9 HCO,', 0.4 H 2 PO 4 ", 7.8 dextrose, and 0.027 CaNa 2 ethylenediaminetetraacetic acid (EDTA). Further details of electrophysiological measurement are given by Hermsmeyer. 10 The cultured cells were prepared from chick omphalomesenteric arteries and veins by dispersion with trypsin (125 Aig/ml) following a presoak in collagenase (3 mg/ml). The cells were cultured in a solution consisting of 45% Hanks' balanced salt solution, 15% horse serum, and 40% cell culture medium M-199 or N-16 with glutamine (1 mg/ml) and gentamicin (50 ng/ml) added. Other details of the cell culture methods are given by Hermsmeyer et al. 13 " Cultured cells were observed on a Leitz Diavert microscope with phase contrast and differential interference contrast (Nomarski) optical systems. Muscle cells with contractile ability were differentiated from the other cells in the cul-ture by the spontaneous contraction or contractions induced with stimulating agents. In either case, the contractions were like those seen in intact blood vessels in that they were followed by quick relaxations (with time courses similar to the shortening phase of contraction) and occurred, or could be stimulated to recur, repeatedly. For measurements of neurotransmitter sensitivity, the cells were placed in chambers through which solution continuously flowed, and to which small volumes (10-30 jul) of stimulating agents could be added. The concentration of neurotransmitters listed in the results refers to that concentration delivered by an Eppendorf pipette, without accounting for dilution, so that the sensitivity estimates for the cultured cells are, if anything, overestimates of the threshold concentration. For experiments on the sensitivity of intact vessels to stimulating agents, a chamber was used through which solution flowed continuously, and the concentrations refer to those in the bottle supplying the chamber. In the case of norepinephrine, the determinations were also made by injecting norepinephrine into the flow chamber to ensure that oxidation of norepinephrine was not influencing threshold determinations. Those additional norepinephrine experiments showed the same threshold as the stimulant suffusion experiments. While the cultured vascular muscle cells were on the microscope stage in the flow chambers, photomicrographs were made, during the course of the experiment, to provide morphological documentation.
Results and Discussion
A comparison of membrane potentials measured in caudal arteries from normotensive rats and hypertensive rats is shown in Figure 1 . Here the membrane potentials can be seen to be the same, even though blood pressure is significantly higher in SHR than in KNR vascular muscle cells. Membrane potential at normal potassium concentration, however, fails to indicate the altered basis for membrane potential which was detected in additional experiments. 10 Measurements from those experiments, which determined membrane potential as a function of altered potassium concentration under conditions of normal and lowered temperature, are also summarized in Figure 1 . The portion of membrane potential due to the gradient of potassium activity (the concentration of free potassium ions) is smaller in vascular muscle cells of SHR than in KNR. Superimposed upon the potential contributed by potassium activity gradient in both SHR and KNR arterial vascular muscle cells is a component contributed by an electrogenic ion transport mechanism. This electrogenic pump component of membrane potential could be experimentally separated because it is greatly decreased by low temperature. The activity of the electrogenic ion transport appeared to be higher in myovascular cells of SHR than in KNR, thus accounting for the lack of a difference in membrane potential at rest. This finding of no difference in membrane potential in the unstimulated state would imply that there is no contribution of this mechanism of altered basis for membrane potential to any increase in the flow resistance of dilated arteries. On the other hand, during depolarization by norepinephrine, in which the cell membrane allows greatly increased movement of ions into and out of the cell, the electrogenic ion transport component is overwhelmed by increased ionic currents driven by electrochemical gradients, and the lower potential contributed by ion gradients is evident in greater depolarization. 10 In caudal artery, as in many other arteries, the effect of norepinephrine on the cell membrane is to cause a main-tained depolarization rather than to generate electrical spikes or action potentials. 1416 The range of membrane potentials (E m ) over which a contractile activation occurs appears to be relatively narrow, as is shown by the dotted lines in Figure 1 . Between intracellular potentials of -4 2 mV and -30 mV the muscle cells change from the completely relaxed state to that of maximum norepinephrine
FIGURE 2 Photomicrographs of living cultured vascular muscle cells between spontaneous contractions show the muscle cells attached to glass coverslips as they were used for experiments. A (top): the appearance by differential interference contrast (Nomarski) optics of a group of reaggregated contracting cells in the center surrounded by noncontracting cells (400x). B (bottom): phase contrast appearance of a smaller group of reaggregated cells (320x). Contractions were identified as shortening and relaxation of the cells that occurred rhythmically or
reproducibly in response to added stimulating agents. The numbers shown are geometrical mean concentrations of stimulating agent which produced detectable contractions or frequency changes. The dispersed cell thresholds were significantly smaller than those of intact vessels (nonoverlapping 95% confidence intervals) in all cases except the comparison of chronotropic norepinephrine threshold to intact vessel contractile threshold and the KC1 threshold.
contraction. The change of a few millivolts in the potential, contributed by the ionic gradients is therefore entirely adequate to explain an increased degree of contractile activation by norepinephrine concentration producing midrange or greater contractions. These data thus indicate that a primary alteration in the mechanisms by which ionic gradients and membrane voltage are regulated is responsible for at least part of the increased norepinephrine sensitivity of vascular muscle cells from SHR. However, the degree of contraction would not be expected to be a simple function of E ln as emphasized by recording of contractions with no depolarization,"-18 and there may well be properties of the arterial muscle cell other than altered E m electrogenesis that contribute to the increased norepinephrine sensitivity.
Of course, the differences in membrane potential electrogenesis of the vascular muscle cells would not be predicted to cause increased sensitivity to all-stimulating agents. Only those agents which produce a large increase in ion permeabilities, thus obscuring the electrogenic ion transport mechanism, would produce greater contraction of SHR vascular muscle. An example of an agent to which SHR vascular muscle cells might not be expected to be hypersensitive would be Ba 2+ , which causes depolarization by a decrease in K + permeability in portal venuous vascular muscle cells. 108 Another mechanism by which membrane alterations could lead to increased sensitivity of vascular muscle cells to neurotransmitters would be an increase in the receptor activation. Experiments to test the sensitivity of isolated single cells to norepinephrine, serotonin, acetylcholine, and potassium were thus carried out. Cultured vascular muscle cells have been prepared which retain contractile function and show spontaneous contractions throughout the duration of the culture incubation. Spontaneous contractions occur at approximately 4/min, which is the rate of spontaneous contractions of the intact vessel. 13 " Figure 2 shows the differential interference contrast (Nomarski) and phase contrast appearance of living vascular muscle cells, which were contracting spontaneously.
Although the contractile cells tend to be more refractile, and thus to have a halo under phase contrast microscopy (Fig. 2B ), it is difficult by morphological criteria to determine which cell is a muscle cell, especially after the first few days in culture. The criterion by which muscle cells were identified was thus their unique ability to show reversible contractions. The threshold concentrations to these neurotransmitters were determined by applying the stimulating agent to a stream of solution flowing over the cells and observing either changes in the spontaneous frequency of contraction or initiation of contraction in a group that did not show spontaneous activity. A summary of the threshold concentrations (of the added agent) active on cultured dispersed vascular muscle cells is shown in Table 1 , in which an increase of 30-100 times in sensitivity of cultured vascular muscle cells, compared to the sensitivity of the intact omphalomesenteric vessel, can be seen to the neurotransmitters but not to potassium.
While part of such an increase in sensitivity could be due to the more direct access of neurotransmitter to the vascular muscle cells, the unaltered threshold for contraction to potassium indicates that most of the increase in sensitivity probably is neurotransmitter-specific and likely to be due to membrane properties of the single muscle cells. The most important aspect of this observation is that these dispersed cells have a high sensitivity to neurotransmitters, which implies that there may be mechanisms modulating muscle cell sensitivity that could be explored in relation to hypersensitivity in hypertension. Since muscle cells are known to be influenced importantly by their innervation, 19 one mechanism to be explored is the possible trophic influence of adrenergic innervation on the sensitivity of vascular muscle cells.
The data presented here seem to give some additional insight into the factors which could be important in the development of greater sensitivity of vascular muscle cells in hypertension. These indicated alterations in the cell membrane seem to justify it as a point of further attack for the basic question of the cellular basis of increased reactivity of vascular muscle in primary hypertension. Electrophysiological investigation of membrane function of muscle cells with and without the influences found in the blood vessel wall should provide a further resolution of the mechanisms of altered muscle cell function in hypertension.
